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Abstract

We de�ne a new classof parallel counters, Sat-
urating Counters, which provide theexactcountof
the inputs that are 1 only if this count is belowa
given threshold. Such counters are useful in, for
example, a self-testand repair unit for embedded
memoriesin a system-on-a-chip. We describethis
applicationandpresentseveral alternativesfor the
designof thesaturating counter. We thencompare
thedelayandareaof theproposeddesignalterna-
tives.

1. Intr oduction

Variousdesignsof parallel countersto be used
in multiplier unitsandotherapplicationshave been
proposedandimplemented(e.g.,[1, 2]). Suchde-
signsusedifferentbasicbuilding blockslike (3,2)
counters,(7,3) countersandthe like [3]. An ( � ,

�

)
parallelcounterhas � input bits andproducesa

�

-
bit binarycountof its inputsthatare1. Clearly,

�

mustsatisfy �������
	

� or
�

	���
��������

���

����� . We
de�ne herea new type of parallelcounterswhich
we call saturating counters. A saturatingcounter
needsto provide the exact countof its inputsthat
are1 only if this count is below a certainthresh-

old, denotedby � . Theexactoutputis lessimpor-
tant whenthe numberof inputsthat are1 exceeds
thethreshold� , aslongastheoutputindicatesthat
the thresholdhasbeenexceeded.Sucha saturat-
ing counteris neededin the designof a self-test
andrepaircircuit for large memoriesembeddedin
a system-on-a-chip.Note that thesaturatingcoun-
tersconsideredherearedifferent from thoseused
in certainimageprocessingapplicationsandin mi-
croprocessors'branchpredictionunits. The latter
normallysaturateat theirmaximumcountof �

�
���

(and,sometimesalsoat their minimumcountof 0)
andall otherresultsmustbeexact.

Thenecessarynumberof outputbitsof asaturat-
ing counter, denotedby

�

, doesnot have to satisfy
thecondition

�

	���
����
�

�

���

����� . Instead,the in-
equalitywhich mustbesatis�ed is

�

	 ��
����

�

�!�

�

����� . In principle, � canbeany numbersmallerthan
� , however, a simpler and fasterimplementation
can be achieved when � is a power of 2. More-
over, for theapplicationconsideredin thispaper, if
the thresholdis not a power of 2 we canstill em-
ploy a saturatingcounterwith

�#"%$

�

� output
bits where

$&"

��
����

�

��� . We will therefore,focus
in thispaperon thespecialcaseof [ �('

�

] saturating
counterswith � inputs,a thresholdof �

"

�
�*),+ ,

and
�

outputbits.
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Thepaperis organizedasfollows. In Section2
wedescribetheapplicationthatrequiresthedesign
of a fastsaturatingcounter. In Section3 wepresent
somedesignalternativesfor saturatingcountersand
in Section4 we comparethedelayandareaof the
variousalternatives.Section5 concludesthepaper.

2.Self-Testand Repair for EmbeddedMem-
ories in a Systemon a Chip

The high density and size of memory units,
implementedeitherasseparateICsor asembedded
memories,have resultedin an increasingnumber
of manufacturing defects leading to low yields
of high volume ICs. System-On-a-Chip(SOC)
designsthat containmegabitsof embeddedmem-
ory are now available from several companies.
Themanufacturingyield of theseSOCproductsis
stronglydependenton theyield of their embedded
memory.

Sparememory rows and columns have tradi-
tionally beenaddedto memorydesignsto replace
defective rows, columnsor individual cells. To
perform such replacements,the defective rows,
columnsor cells must be identi�ed �rst. In the
past,dedicatedexternalmemorytesterswith fault
diagnosiscapabilitieshave beenused. Following
the identi�cation of the defective cells, thechip is
taken to a laserrepairstationandfusesareblown
to replacefaulty memorycellswith sparememory
cells[4].

To eliminatethe costly memorytesterfrom the
chip manufacturingprocess,designershave started
to incorporateBuilt-In Self-Test (BIST) circuitry
into large memoryunits. Suchcircuitry is capable
of executingmemoryteststo diagnoseany error,
which may be the resultof eithera manufacturing
fault or a fault (intermittentor permanent)thatoc-
cursduringthenormaloperationof theIC.

Designersof systems-on-a-chiphave goneone
stepfurther, andseveral currentdesignsincludea
Built-In Self-TestDiagnosisandRepair(BISTDR)
circuit for the embeddedmemoriesin the SOC.
The useof BISTDR not only enablespermanent

memory repair following manufacturing (hard
repair), but also every time the systemis pow-
ered up (soft repair). Hard repair can be done
by laser blown fuses or by writing non-volatile
re-con�guration �ip-�ops, while soft repair uses
only thelatter[5, 6, 7].

The processstarts with a self-test operation
performedinternally in the memory unit. Once
the faulty databits andfaulty addresseshave been
identi�ed, the faulty data bits are replacedwith
sparedatabits, andfaulty wordsarereplacedwith
sparewords. Figure 1 shows a block diagram

RIMA

APG

BIC

DPG

ROMAORE

FDU

FBS
RAM

DATA

ADDRESS

CONTROL

TEST CONTROL

TEST RESULT

Figure 1. A bloc k diagram of the BISTDR
unit.

of the BISTDR unit, which consistsof the fol-
lowing functional blocks: APG (AddressPattern
Generator),DPG (Data PatternGenerator),ORE
(OutputResponseEvaluator),BIC (BIST Interface
Controller), FDU (Fault Diagnosis Unit), FBS
(Functionto BIST selector),RIMA (RepairInput
Multiplexor Array) and ROMA (Repair Output
Multiplexor Array).

Thebuilt-in self-repairis usuallyexecutedauto-
maticallyduringthepower-onresetsequenceof the
SOCandmust, therefore,be performedat system
speedusingthe systemclock. The testandrepair
processis doneon the�y in a singlecycle to avoid
the needto storefault information. The Fault Di-
agnosisUnit (FDU) is thereforeon thecritical path
in the BISTDR circuit sinceit hasto identify the
faulty bit(s), and make a repair decision(address
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or datarepair)within onememoryreadaccesscy-
cle. This repairdecisionis basedon thenumberof
failing databits at thecurrentaddress,andthecur-
rentlyavailablerepairresources(unusedsparedata
bits andaddresslocations).Thefailing bits arede-
terminedusinganarrayof XOR gateswhich com-
paresthememoryoutputwith theexpectedoutput.
This producesa bit vectorwhosewidth equalsthe
width of thememory. A bit in this vectorwill have
a 1 if thereis a mismatchat the correspondingbit
position,anda 0 otherwise.

Thecritical pathwithin theFDU includesa cir-
cuit thatcountsthenumberof 1's in thisbit vector.
This numberhasto becomparedto thenumberof
sparebits which is typically no larger than 8. If
the numberof bit failuresexceedsthe numberof
spares,thememoryis not repairable.Therefore,it
is suf�cient to know thefailing bit countaccurately
only whenit is lessthanthenumberof sparesavail-
able. The fast saturatingcounterwe designmust
thereforehaveathreshold- , where- is equalto or
slightly larger thanthenumberof availablespares,
allowing us to selecta thresholdwhich is a power
of 2. Thenumberof inputsof therequiredsaturat-
ing counter, . , is thewidth of thememory. Unlike
stand-alonememorychips,embeddedmemoriesin
SOCdesignshave no restrictionon thedatawidth
dueto padlimitations. Thus,embeddedmemories
of widthof upto 1024arecommonlyusedin SOCs.
We shouldthereforedesignsaturatingcountersfor
asmany as1024inputbits.

3.Saturating Counters- DesignAlter natives

An / .(021�3 saturatingcounterhas . input bits de-
notedby 4657084:9;0=<=<=<7084�> , 1 output bits denotedby

?*@�A
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For example,a /

Q=U

EWVX0YV;3 saturatingcounterhas
1024 inputs, a thresholdof 8, and producesfour
outputbitssatisfying
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if thereareat mosteight input bits which equal1,
and

F
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?
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9]N^/O_:0

Q7`

3 if thereare nine or
moreinputbitswhichequal1.

A completeWallace tree for 1024 inputs pro-
ducesnineoutputbitsandrequires16levelsof (3,2)
counters. A straightforward way to implementa

/

Q=U

EWVX0YV;3 saturatingcounteris to use(3,2)counters
in the columnswith weights E

9

02E

5 and E

B

but use
only OR gatesin thecolumnwith weight E

Z

. This
implementation,shown in Table1, requires11 lev-
elsof (3,2) countersplusonelevel of an OR gate,
assumingthat two levels of OR operationsin col-
umn E

Z

canbe completedin parallel to the opera-
tion of a singlelevel of (3,2) countersin the E

9

02E

5

andE

B

columns.Table1shows,for eachlevel of the
tree,thenumberof (3,2)or (2,2)countersrequired
in everycolumn,andtheresultingnumberof inter-
mediateresultsin every column. For example,in
thesecondlevel of the tree,114 (3,2) countersare
usedin the E

B

column,producing114intermediate
bits of weight E

B

and114bits of weight E

5 , which
areaddedto the 115 bits generateddirectly in the

E

5 column. The notation9+2(OR[ ) in the E

Z

col-
umnmeansthattwo levelsof OR gatesareused,9
in the�rst level and2 in thesecond.

Note that the implementationdepictedin Table
1 will producea resultof 8 if thenumbera of in-
put bits which equal1 satis�es a�bdc;egf�C

U , e.g.,
16,32 andsoon. If suchasituationis not allowed,
a thresholdof - C

Q7h canbe selected.However,
for the applicationat handthe probability of such
an event occurringwas deemedto be negligible.
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Theaverageexpectednumberof defective memory
cells in a singlerow is lessthan4, with a standard
deviation of lessthan2, makingtheprobabilityof
16 defective cellsin onerow practicallyzero.

In [1] Jonesand Swartzlanderhave compared
the designof parallelcountersusingonly (3,2) or
(2,2)countersto designsusingmorecomplex coun-
ters like (7,3), (15,4) and (31,5). They have an-
alyzedthe delay and areaof different implemen-
tationsandconcludedthat designsbasedon (3,2)
and(2,2) countersonly aregenerallysuperior. We
thereforedecidednot to experimentwith counters
like (7,3), (15,4) and (31,5). However, in recent
years(4;2) compressors[3] have becomecommon
in parallelmultiplier designs,andveryef�cient im-
plementationsfor themhave beenproposed(e.g.,
[8]). Consequently, we studiedthe possibility of
using(4;2)compressorsinsteadof (3,2)countersin
one or more levels of the saturatingcounter. Ta-
ble 2 shows that if (4;2) compressorsare usedin
levels 1 through 5, the total numberof levels is
reducedfrom 12 to 9. (4;2) compressors,though,
have a higherdelaythan(3,2) counters.However,
if thedelayof a(4;2)compressoris only about50%
larger than the delay of a (3,2) counter, the over-
all delayof the[1024,4]saturatingcounterstill de-
creaseswhen(4;2) compressorsareused.Detailed
delaycomparisonsarereportedin thenext section.

Tables1 and2 wereobtainedusinganonlinesat-
uratingcountersimulatorwhich is availableat [9].

3.1. ( i7jlkYm8konqp�k2r ) units

Re-examining Tables1 and 2, one can notice
thatthelastfew stagesachieve only a small reduc-
tion in the numberof bits but incur a high delay.
Onecould replacethe last four stagesin Table1,
which reducethe numberof bits from (5,5,2,1)to
(1,1,1,1),by alook-uptablewith sut8vwt8vwx inputsand
4 outputs.However, a simplerandprobablyfaster
(for mosttechnologies)solutionexistswhich takes
advantageof the saturatingnatureof the counter.
This solution usesa special3-column( i 5,5,2p ,3)
unit, asshown in Table3. If we wish to apply the

y{z y{| yw} y{~

Level
341(3,2)

341 342 1
113(3,2) 114(3,2)

113 114+115 114 2
113 229 114
37(3,2) 76(3,2) 38(3,2)

37 76+39 38+76 38 3
37 115 115 38
9+2(OR• ) 38(3,2) 38(3,2) 12(3,2)
4+38 38+39 12+39 14 4
42 77 51 14

10+3(OR• ) 25(3,2) 17(3,2) 4(3,2)
3+25 17+27 4+17 6 5
28 44 21 6
7+1(OR• ) 14(3,2) 7(3,2) 2(3,2)
4+14 7+16 2+7 2 6
18 23 9 2
4+1(OR• ) 7(3,2) 3(3,2) 1(2,2)
3+7 3+9 1+3 1 7
10 12 4 1
2+1(OR• ) 4(3,2) 1(3,2)
1+4 1+4 2 1 8
5 5 2 1
1+0(OR• ) 1(3,2) 1(2,2)
2+1 3+1 1 1 9
3 4 1 1
0(OR• ) 2(2,2)
3+2 2 1 1 10
5 2 1 1
1(OR• ) 1(2,2)
2+1 1 1 1 11
3 1 1 1
1(OR• ) 12
1 1 1 1

Table 1. A €‚•=ƒ�sW„XkY„;… saturating counter us­
ing (3,2) and (2,2) counter s. It uses 892
(3,2) counter s, 5 (2,2) counter s and 49 4­
input OR gates.

sameapproachto the [1024,4] saturatingcounter
which uses (4;2) compressors(see Table 2), a
( i 13,8,3p ,3) unit could be used. The design
principlesof suchunitsarepresentednext.

An ( i7jlkYm8konqp�k2r ) unit, shown in Figure 2, is a
saturatingparallelcounterwhichreceives j inputs
of weight s;†*‡,ˆ , m inputsof weight s�†*‡

x and n in-
putsof weight s�†*‡6‰ . It producesthreeoutputsof
weights s�†*‡,ˆ , s;†*‡

x and s�†�‡6‰ where s�†�‡,ˆ�ŠŒ‹ is
thethresholdof thesaturatingcounter.

Werestrictourdiscussionto thecasewhere sŽ•
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•X• •6‘ •w’ •X“

Level

205(4;2)
410 205 1

90(4;2) 41(4;2)
90+90 91+41 41 2
180 132 41

41(4;2) 28(4;2) 8(4;2)
1(3,2)

82+1 42+28 28+8 9 3
83 70 36 9

20+5(OR” ) 15(4;2) 7(4;2) 2(4;2)
1(2,2) 1(3,2)

30+1+8 16+7+1 8+2 2 4
39 24 10 2

9+3(OR” ) 5(4;2) 2(4;2) 1(2,2)
3+10 6+2 2+1 1 5
13 8 3 1

3+1(OR” ) 2(3,2) 1(3,2)
1(2,2)

1+3 3+1 1 1 6
4 4 1 1

1(OR” ) 2(2,2)
1+2 2 1 1 7
3 2 1 1

1(2,2)
3+1 1 1 1 8
4 1 1 1

1(OR” ) 9
1 1 1 1

Table 2. A •‚–=—�˜W™XšY™;› saturating counter us­
ing (4;2) compressor s, (3,2) and (2,2) coun­
ters. It uses 444 (4;2) compressor s, 5 (3,2)
counter s, 6 (2,2) counter s and 44 4­input
OR gates.

œž• Ÿ

, for whichthemaximumcarryfrom theposi-
tion of weight ˜�¡*¢6£ to thepositionof weight ˜u¡�¢6¤

is 1. Thus,we have ¥,¦D– bits of weight ˜
¡*¢6¤ to be

added. §

¡�¢6£�¨ª©q«­¬¯®=®=®q¬°©�±

canbe replaced,if
needed,by §

¡*¢6£²¨°©
«

¦

®=®=®

¦

©
±

. For
œž• Ÿ

thissim-
pli�cation is not neededsincethedelayof the two
(or less)XOR gateswill besmallerthanthedelay
of thegatesrequiredto generate§

¡�¢

«

. Thecontri-
bution of

©
«

š

®=®=®

š

©
±

to §

¡*¢6¤

canberepresentedby

•X• •6‘ •³’ •{“

Level

341(3,2)
341 342 1

113(3,2) 114(3,2)
113 114+115 114 2
113 229 114

37(3,2) 76(3,2) 38(3,2)
37 76+39 38+76 38 3
37 115 115 38

9+2(OR” ) 38(3,2) 38(3,2) 12(3,2)
4+38 38+39 12+39 14 4
42 77 51 14

10+3(OR” ) 25(3,2) 17(3,2) 4(3,2)
3+25 17+27 4+17 6 5
28 44 21 6

7+1(OR” ) 14(3,2) 7(3,2) 2(3,2)
4+14 7+16 2+7 2 6
18 23 9 2

4+1(OR” ) 7(3,2) 3(3,2) 1(2,2)
3+7 3+9 1+3 1 7
10 12 4 1

2+1(OR” ) 4(3,2) 1(3,2)
1+4 1+4 2 1 8
5 5 2 1

1(OR” ) ( ´ 5,5,2µ ,3) 9
1 1 1 1

Table 3. A •‚–=—�˜W™XšY™;› saturating counter us­
ing a ( ´*¶:š2¶:š2˜�µ�š

Ÿ

) unit. It uses 891 (3,2)
counter s, one (2,2) counter , 43 4­input OR
gates and a ( ´*¶:š2¶:š2˜�µ�š

Ÿ

) unit.

anadditionalinputof weight ˜�¡*¢6¤ , i.e.,

·6¸º¹

«»¨

¼

©
«

©
¤

for
œ

¨

˜

©
«

©
¤

¦

©
«

©
£

¦

©
¤

©
£

for
œ

¨

Ÿ

Thetruth tablefor the( ´7½lšY¥8š

œ

µ�š

Ÿ

) unit is:

¾

«

¦

®=®=®

¦

¾�¿ ·

«
®=®=®

·
¸

·
¸º¹

«

§

¡*¢

«

§

¡*¢6¤

1 À 1 À

0 All 0's 0 0
0 A single1 0 1
0 Two or more1's 1 À

5



...
2k-22

ss k-2

k-1

k-1

2k-3

sk-3

yjy1x x i

x i+1

... ...
zz 11 m

Figure 2. An ( Á7ÂlÃYÄ8ÃoÅqÆ�Ã2Ç ) unit.

TheresultingBooleanexpressionsare:
È*É�Ê6Ë²ÌÎÍÐÏÒÑÎÓ=Ó=ÓWÑHÍÕÔ{ÑÖÍ6Ôº×ÒÏ and
È*É�Ê Ï ÌÙØ�ÏMÑ°Ó=Ó=Ó;ÑÖØ�ÚÖÑDÛ�ÍÐÏYÍ Ë ÑHÍÐÏ\Í³Ü

Ñ°Ó=Ó=Ó�ÑHÍ6Ô�Í6Ôº×ÒÏÞÝ

We can substitute Í Ôº×ÒÏ into the expressionsfor
È*É�Ê6Ë and È*É*Ê

Ï . This would resultin productterms
with up to three literals in È;É*Ê

Ï , i.e., fan-in ß

3. Notice that the simpli�ed Boolean equation
for È*É*Ê6Ë may in fact produce È;É�Ê6Ë =1 even if the
correctvalue is 0, but only if È;É*Ê

Ï =1. Therefore,
the probability of producingan outputof 8, when
thenumberà of input bits which equal1 satis�es

à�Âdá;âäã

Ìæå and à ç^ã (e.g., à =16), is lower
thanthe correspondingprobability for the saturat-
ing countersof the typesdepictedin Tables1 and
2.

To calculate the delay and area of the pro-
posed ( Á7ÂlÃYÄ8ÃoÅqÆ�Ã2Ç ) unit, some further analysis
is required. The total number of signals in an
implementationof È;É*Ê

Ï afterthe�rst level of gates
(OR gatesfor the Ø inputsandAND gatesfor the
remainingterms)is

è

Ë
Ìêé

Ä

ÑDë

ì í

Ñ

Â�â�Äïîgð³Ä

Ñ

ÂñÂdá;â
ð³Ä

if Å

Ì

ì

, and

è

Ë
Ìòé

Ä

ÑÙë

ì
í

Ñ

ì

Ä

Ñ

Â�â�Äïîóð³Ä

Ñ

ÂñÂdá;â
ð³Ä

if Å

Ì

Ç , where ð³Ä is themaximumfan-inallowed.

The table below shows the numberof signals
(after the �rst level of gates, i.e., OR gatesfor
the Ø inputs and AND gates for the ÍXô;Í³õ and

Í�ôWöu÷Yö�ø terms)and the numberof logic levels for
thespecialcaseof fan-in ð³Ä

ÌÎù , Âúß

ù andÅ

Ì

ì

.

Ä 2 3 4 5 6 7 8
è

Ë 4 7 11 16 22 29 37
# of levels 2 3 3 3 4 4 4

For fan-in ð³Äüû

ù thetotal numberof gatelevelsis
therefore ë»Ñþý�ÿ������

è

Ë�� .

The exact bene�t of usingan ( Á7ÂlÃYÄ8ÃoÅqÆ�Ã2Ç ) unit
insteadof several levels of (3,2) and (2,2) coun-
tersis highly dependenton its circuit implementa-
tion. For simplicity, we will assumefor thenumer-
ical resultssummarizedin thenext sectionthat the
( Á7ÂlÃYÄ8ÃoÅqÆ�Ã2Ç ) unit is implementedusingbasiclogic
gateswith a delayof �
	 for an OR or AND gate
with fan-in=ð³Ä or less.The(3,2)and(2,2)counters
are implementedusing 2-input XOR gateswhose
delayis denotedby ����
�� .

4. Numerical Results

Figure3 comparesthedelayof an[ � ,4] saturat-
ing counter(for � =72,136,264,520and1032)im-
plementedin four differentways: using(3,2) and
(2,2) countersonly, allowing theuseof (4;2) com-
pressorsaswell, andallowing all typesof counters
including the special( Á7ÂlÃYÄ8ÃoÅqÆ�Ã2Ç ) unit. The lat-
ter hastwo implementations,onewith fan-in ð³Ä

Ì

ù and anotherwith ð³Ä

Ì

Ç . Only the basicde-
sign,whichis restrictedto theuseof (3,2)and(2,2)
counters,is unique. The remainingthreedesigns
havemultiplepossibleimplementationsandthede-
lay of the fastestimplementationfor that type is
shown. The delaysin Figure 3 are measuredin
termsof ����
�� undertheassumptionsthat ��	

Ì

å����

�
��
�� , ���

Ë�� Ë��

Ì

�
��
�� , ���

Ü
� Ë��

Ì

ì

�
��
�� and

�
�

�� 

Ë��

Ì

Ç��!��
�� . Theresultsindicatethattheuse
of (4;2) compressorsreducesthedelayby no more
thanone ����
�� in the given rangeof inputs,but
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Figure 3. Delay comparison (the delay unit
is "�#�$�% ).

using in addition an ( &('*),+�).-0/1)32 ) unit further re-
ducesthedelayby 3 "�#�$�% or 2.5 "�#�$�% for fan-in

4

+6587 or 3, respectively.

Figure 4 shows the estimatedarea for three
of the design alternatives. The area is mea-
sured in terms of 9

#�$�% under the assumptions
that 9;: 5 <�=�>?9@#�$�% , 9BADC�E C�FG5 H?=�>?9@#�$�% ,

9
ADI�E C�F

5J2K=�>?9L#�$�% and 9
ANM�O C�F

5P70=�>?9L#�$�% . The
area of an ( &('*),+�).-0/1)32 ) unit is determinedby
the number of gatesrequired. Figure 4 shows
that the reductionin total areadue to the useof
(4;2) compressorsincreaseswith the number of
inputs (under the above-mentionedarea ratios
assumption).Theuseof an( &('*),+�).-0/1)32 ) unit may
increasethe total area but the area will still be
lower thanthatof thebasicdesignusingonly (3,2)
and(2,2)counters.

To make a decision regarding the use of an
( &('*),+�).-�/1)32 ) unit, thedesignershouldconsiderthe
delayaswell asthe area. A measurelike Area Q

DelayC canhelp, andFigure5 shows that the use
of an( &('*),+�).-�/1)32 ) unit is bene�cial.

As mentionedabove, a designusing(4;2) com-
pressorsandan( &('*),+3).-�/1)32 ) unit is notuniqueand
thereforeonecantradeoff areaanddelay. Figure
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A
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All counters allowed (fan-in=4)
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Figure 4. Area comparison (the area unit is
9@#�$�% ).

6 illustratessucha tradeoff for R =520 and 1032
wherethebasicdesigns(usingonly (3,2)and(2,2)
counters)arealsoshown for reference.Note that
a reasonablereductionin theareacanbe achieved
with someincreasein delay. Furtherincreasesin
thedelaywill only marginally reducethearea,and
thusarenotadvisable.

5. Conclusion

Saturating counters have been de�ned and
several design alternatives have been presented
andevaluated. The motivation for this studywas
the needto designsucha counteraspart of a self
test and repair unit for an embeddedmemory in
a systemon a chip. The saturatingcounterthat
hasbeenimplementeduses(3,2) countersandan
( &('*),+�).-�/1)32 ) unit. It hasbeenimplementedusing
thePerfectSAGE standardcell library for 0.15mi-
cron TSMC CMOS from Artisan. A preliminary
designwhich did not usean ( &('*),+�).-0/1)32 ) unit did
not satisfythetiming requirements.
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